External periodic stimuli entrain brain oscillations and affect perception and attention. It has been shown that background music can change oculomotor behavior and facilitate detection of visual objects occurring on the musical beat. However, whether musical beats in different tempi modulate information sampling differently during natural viewing remains to be explored. Here we addressed this question by investigating how listening to naturalistic drum grooves in two different tempi affects eye movements of participants viewing natural scenes on a computer screen. We found that the beat frequency of the drum grooves modulated the rate of eye movements: fixation durations were increased at the lower beat frequency (1.7 Hz) as compared to the higher beat frequency (2.4 Hz) and no music conditions. Correspondingly, estimated visual sampling frequency decreased as fixation durations increased with lower beat frequency. These results imply that slow musical beats can retard sampling of visual information during natural viewing by increasing fixation durations.
Introduction
Music weaves through our daily activities, such as learning, reading, exercising or watching movies or pictures. Each of these activities has their own rhythm, as well as the music that we listen to. How can we pay attention to both at the same time, yet be able to process them separately? Could they affect each other in terms of how we process them, or are they entirely independent?
Information processing in the brain is established via neural oscillations, which may also determine how one's attention is distributed in time. The rhythmic fluctuation of attention enables that processing of external events is the most efficient at expected (Large & Jones, 1999) , and suppressed at other points in time (Jensen & Mazaheri, 2010) . Endogenous neural oscillations can be entrained via an external oscillator if: the given neural population is capable of oscillating in natural circumstances; the external oscillator provides periodic input; the internal and external oscillators synchronize via phase alignment; the external oscillator modulates the amplitude of the neural oscillations (Thut, Schyns, & Gross, 2011) . The effect of entrainment on behavior has been shown in numerous studies, where perception and attention varied in a cyclic fashion during rhythmic stimulation (VanRullen, Busch, Drewes, & Dubois, 2011; Mathewson et al., 2011) . Escoffier and colleagues found that pictures of houses and faces were detected faster with music in the background, especially, when pictures appeared on the musical beat, compared to when there was no music (Escoffier, Sheng, & Schirmer, 2010) . In another study, participants responded faster in a speeded visuomotor task when visual targets appeared on strong musical beats (Trost et al., 2014) . These studies found that strong musical beats facilitated higher-order visual processing in target detection and visual discrimination tasks where the presentation of visual stimuli could occur time-locked to the musical beat (in the on-beat conditions). However, there is surprisingly little research that investigated entrainment to music at the level of eye movements in natural viewing, when visual information is sampled by self-paced series of fixations instead of observing stimuli with experimentally controlled timing and constrained fixation.
Studies using eyetracking found that music lowered fixation rate during reading (Dan, Xue, & Xiaodong, 2008) , increased fixation duration and saccade amplitude while watching videos (Coutrot, Guyader, Ionescu, & Caplier, 2012) , and participants had longer fixations, fewer saccades and more blinks when viewing a picture or a film clip with music in the background than in silence (Schäfer & Fachner, 2015) . Moreover, Lense and Jones (2016) found that infants' fixations towards the eyes of the singer they watched in videos entrained to the beat of the singing.
While there is evidence that background music can modulate oculomotor behavior, the exact relationship between beat frequency and eye movements is not known. According to the http://dx.doi.org/10.1016/j.visres.2016.12.009 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved.
Dynamic Attending Theory, neural oscillations entrained to an external rhythm drive attention to the rhythmically expected events (Large & Jones, 1999) . Based on this theory, it can be expected that if visual attention synchronizes to the rhythm of the musical beats, the rhythm of eye movements would align to the musical beats as well. Our goal was to probe entrainment in eye movements during free viewing in different tempi and examine potential effects of musical beats on the characteristics of fixations and saccades. Furthermore, we aimed to simulate real-life circumstances, therefore we used drum grooves from real dance musical genres as auditory stimuli and natural scenes as visual stimuli. Finally, we were interested in how rhythmic skills influence the effect of musical beats on eye movement. In a previous study, Slater, Tierney, and Kraus (2013) found that music training increased accuracy in keeping the beat in a sensorimotor synchronization task, therefore in the present study we compared professional musicians with non-musicians. Based on the findings of previous research, we hypothesized that musical beats would modulate the characteristics of fixations and/or saccades relative to tempo, and musicians will be affected stronger than nonmusicians.
Material and methods

Participants
Twenty-three young adults completed the experiment successfully. Eleven participants (3 male, mean age: 25.2 years, SD = 4.5 years) were professional musicians with music training ranging from 9 to 20 years. The other twelve participants (7 male, mean age: 21.9 years, SD = 2.4 years) did not have any formal music training. Participants self-reported normal hearing and vision. Moreover, none of them had any history of neurological or psychiatric diseases. The study was approved by the United Ethical Review Committee for Research in Psychology (EPKEB). Signed consent was obtained from each participant before the experiment. The research was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Stimuli
Musical stimuli were drum grooves taken from Reason 3.0 Factory Sound Bank in two different genres (techno and funky) and tempi (SlowTempo = 1.7 Hz beat frequency and FastTempo = 2.4 Hz beat frequency). These two tempi were chosen because they are both in the preferred tempo range of music perception and periodic movement production for humans (Moelants, 2002) . Moreover, we chose funky and techno, because these genres accentuate metrical beats strongly. Janata, Tomic, and Haberman (2012) found that music that emphasizes the beat is the most effective among real musical genres in triggering sensorimotor synchronization. We used 42 drum grooves in each genre, which consisted of 21 different drum grooves per genre in slow and in fast tempo. The experiment comprised a total of 84 drum grooves, and each drum groove appeared only once with a particular genre by tempo combination. Drum grooves were normalized to 0 dB and cut to equal length per tempo, so that each of them lasted for 16 beat cycles + 6 s ($15 s for the 1.7 Hz stimuli and $12.5 s for the 2.4 Hz stimuli).
Participants were listening to the drum grooves at a comfortable hearing level through Genius HS-510X padded headphones. Visual stimuli were 135 colour landscape photographs of 24 Â 32 visual angle equated for contrast and luminance. They were presented on a 26 00 LG LCD monitor at a 1920 Â 1200 pixel resolution. Both visual and auditory stimuli were presented with MATLAB 7.1 (The Mathworks Inc., Natick, MA, USA) using PsychToolbox 3 (Brainard, 1997; Pelli, 1997) .
Procedure
Participants were freely viewing pictures in three conditions: with slow tempo music (SlowTempo), with fast tempo music (FastTempo), and without music (Quiet). The two auditory conditions and the quiet condition occurred in two separate blocks, and their order was counterbalanced across subjects. The quiet condition comprised the same amount of trials (42) as one auditory condition. Within the auditory block, the order of the two conditions (SlowTempo and FastTempo) was randomized across trials. Subjects were given a short break between the two blocks.
Task
In the auditory block during free viewing, subjects had to perform a tempo discrimination task, in which they had to select the faster of two drum grooves presented in pairs by pressing a button on the keyboard. This task served to ensure that participants pay attention to the music. They were instructed to respond after the second drum groove started as soon as they made their decision. If they did not respond until the end of the second drum groove, a wrong answer was recorded. A pair consisted of an original drum groove that could be either of the two beat frequencies (1.7 Hz in SlowTempo, 2.4 Hz in FastTempo) and a ± 10% tempo modified version of it. Fifty per cent of the trials contained a slower modified version, and fifty per cent contained a faster modified version of the original drum grooves. Their order was counterbalanced and randomized. In the quiet block, participants did not have any specific task besides watching the pictures. In both the auditory and the quiet blocks after every seventh trial, a control picture was presented, about which participants had to make a judgement, whether they have seen it in the previous seven trials or not. Half of the control pictures were new images, which were randomly distributed. We included this memory task to ensure that participants pay attention to the pictures.
Trial sequence
In the two auditory conditions, the trial started with a fixation point displayed for a jittered (1.5-2 s) interval, after which the first drum groove in the pair started. The beginning of the first drum groove always preceded the picture by 16 beat cycles in order to allow time for entrainment to be built. For complex rhythmic patterns, such as the groove of natural music, 1.37 repetition of the rhythmic pattern is necessary on average for a steady beat perception to be built (Chapin et al., 2010) . In the case of our musical stimuli, the rhythmic pattern of the drum grooves typically spanned across 8 beat cycles. Moreover, because the meter of each drum groove consisted of 4 beat cycles, we chose a length that corresponded to a multiple of the meter. The first drum groove that was presented with the picture, during which eye movement was recorded, was always the original tempo version (1.7 Hz or 2.4 Hz). For 12 beat cycles, the fixation point remained on the screen, followed by a 'warning' signal in a form of an exclamation mark for an additional 4 beat cycles. We included this signal in order to notify participants that after the signal until the end of the following picture (6 s) they should avoid closing their eyes longer than blinking. When participants' eyes get tired, they tend to close them for a couple of seconds to rest. In order to avoid losing valuable data, we asked participants to limit resting their eyes outside the 6-s period (we only analysed eye movements recorded while the picture was on the screen). Aside from this interval, they were allowed to close their eyes briefly when they felt tired. After 6 s, the first drum groove ended and the picture was replaced by a fixation point. There was a fixed 1-s inter-stimulus interval (ISI), then, the second drum groove started and played until the participant pressed a response key or until the end if the participant did not answer. Before testing began, participants completed a few practice trials until they felt comfortable with the task. Practice trials contained different musical and visual stimuli than the experimental trials and they were not analysed. Fig. 1 shows an example trial sequence of a FastTempo condition.
The quiet condition comprised of the initial fixation point followed immediately by the warning signal for 2 s, then the picture for 6 s, after which the trial ended.
Apparatus
Participants' eye movements were recorded by an SMI iView X High-Speed eye tracker system while their head was fixed with a forehead support and a chin rest. Each participant's eye gaze position measurement was calibrated by a 13-point calibration procedure before data recording. Subjects sat 50 cm from the screen and only their left eye was recorded with 1250 Hz sampling rate.
Synchronization test
After participants completed the free-view part, we directly tested their ability to follow our musical stimuli. They were listening to the original drum grooves from the previous free-view part one by one, and had to tap to the beat they perceived by pressing the space key on the keyboard. After each drum groove, subjects rated the ease of tapping for the given drum groove on a 5-point scale (from 1 = Very difficult to 5 = Very easy).
Self-rated learning performance
At the end of the experiment, participants filled out a brief demographic questionnaire, which asked for the participant's age, sex, years of music training, and self-rating of their learning performance with music in the background (When listening to music during studying, my performance improves. Please rate from 1-5 to what extent this statement pertains to you, 1 = Not at all, 5 = Very much.).
Analysis of musical stimuli
In order to examine the underlying beat profile of our musical stimuli, we created average frequency spectrums of the drum grooves per tempo per genre, by first obtaining their amplitude envelopes with a Hilbert transform on which we performed a Hanning-windowed fast Fourier transform using the MIR toolbox (Lartillot & Toiviainen, 2007) . Average frequency spectrums (displayed in Fig. 2 ) revealed that the first harmonic of the beat frequency had comparable strength to the beat frequency in both genres and tempi, while the upper harmonics were considerably attenuated. Additionally, for the funky genre, the first subharmonic of the beat frequency seemed to be similarly strong as the beat frequency. For this reason, we included the beat frequency and both its first harmonic and its first subharmonic in subsequent analyses.
Analysis of synchronization ability and learning performance with background music
In order to determine to what extent participants were able to keep the beat, first the difference between the beat onsets and the tapping onsets were calculated. Next, tapping variability scores were obtained by calculating the standard deviation of the differences, then dividing it by the beat period giving a measure that is expressed as a fraction of the tempo. Tapping variability scores were then entered to a three-factor mixed ANOVA to test any differences between the two tempi and genres, and to determine any group differences. Because Saphiro-Wilk's tests of normality revealed that all except eye movement data were non-normally distributed, we performed ANOVAs for analysing main effects and interactions, and we used non-parametric tests for post hoc analyses and reported medians for central tendency of nonnormally distributed data. Upon significant interactions, we performed simple effects analyses, for which we report uncorrected Fig. 1 . Trial sequence example of a FastTempo condition with the control picture for the memory task. The horizontal line indicates time. First, a fixation point appeared on the screen with jittered length between 1.5 and 2 s. Then, the first drum groove started, while the fixation point remained on the screen. After 12 beats, an exclamation mark appeared on the screen warning participants to do not rest their eyes until the end of the following picture. The sign remained on the screen for the duration of 4 beats, after which a picture appeared and remained visible for 6 s, while the first drum groove was still playing. Next, both the first drum groove and picture presentation ended and a fixation point was displayed for a fixed 1-s inter-stimulus interval. Finally, the second drum groove started and was played until the end or until the participant pressed a response button. The control picture was presented at the end of every seventh trial right after the participant responded to the tempo discrimination task, and remained on the screen until the participant responded.
p-values. We additionally tested for group differences in participants' ratings to their general learning performance with music in the background using a Mann-Whitney U test. All statistical tests were performed with SPSS (IBM SPSS Statistics, Version 21).
Analysis of eye movement parameters
Saccade and fixation parameters were obtained by an adaptive algorithm (Nyström & Holmqvist, 2010) with the following settings: max. saccade velocity = 1000°/s; max. saccade acceleration = 100,000°/s 2 ; min. fixation duration = 40 ms; min. saccade duration = 10 ms; a = 0.7; b = 0.3; initial saccade peak velocity detection threshold PT 1 = 50°/s. The main advantage of this novel approach is that it relies on adaptive estimation of threshold values by taking into consideration the local noise level. The algorithm was run on MATLAB 7.1 (The Mathworks Inc., Natick, MA, USA) by using a customized version of the original code obtained from the first author of the algorithm. No additional preprocessing was applied. First, repeated measures ANOVAs were run for fixation duration, saccade duration, saccade amplitude and saccade number (average number of saccades per trial) for the auditory conditions only, with genre and tempo entered as within subject factors and group with two levels (musicians, non-musicians) entered as between subjects factor. Because we did not find any effect of genre and group for any eye movement parameters, we excluded these two factors from further analyses.
In order to determine whether beat frequency had any influence on the eye movements compared to silence, fixation duration, saccade duration, saccade amplitude and saccade number were compared across the quiet and the two auditory conditions. Because fixation duration, saccade duration and saccade amplitude were not normally distributed, we used the median of these parameters for each subject. These eye movement parameters were analysed by running repeated measures ANOVAs on each, with a single within-subject factor (tempo: SlowTempo, FastTempo and Quiet). We also estimated the dominant eye-movement frequency (i.e. visual sampling frequency) by taking the average of the individual median inter-saccade-intervals for each condition. The effect of tempo on visual sampling frequency was also tested by repeated measures ANOVA. Upon a significant main effect, post hoc analyses were conducted with Bonferroni correction.
Analysis of entrainment
In order to investigate whether the rhythm of eye movements aligned to the musical beat, we examined the distribution of fixation onsets. We chose fixation onsets because visual information is acquired during fixations. Saccades position the eyes so that the image is centered at the fovea, which can capture the image with the highest resolution during fixations (Ibbotson & Krekelberg, 2011) . If beat frequency entrained fixation onset times, we expect that fixation data would be distributed around the beat with a peak at the beat onset. To explore whether there are any peaks at specific time points, we plotted fixation onsets over the full 6-s scene viewing for each auditory condition. To exclude incomplete fixations, the last two bins of each condition's histogram plot were removed. Histograms were compared to a uniform distribution with a Kolmogorov-Smirnov one-sample test, and upon significant deviation from the uniform distribution one-sample t-tests were run on each bin to determine the place where deviation occurs. For multiple comparisons, we used Bonferroni correction. Next, fixation onset times were grouped for each auditory condition per subjects, then a signed difference between the fixation onset time and the beat onset time was calculated for each fixation: negative scores indicating that fixations started earlier, and positive scores indicating that fixations started later relative to the beat onset. We predetermined a window that covers the distribution of fixation onsets that could be considered to relate to the onset of the beat, and only fixation onsets that fell in this window were taken into account. The length of the window corresponded to plus and minus a quarter period of the beat frequency. Then, we generated histograms of relative frequencies of the difference scores centered at zero, equivalent to the place of the beat, and individual histograms were averaged into one histogram per condition. A Kolmogorov-Smirnov one-sample test was run on the average histograms to determine whether the distribution of fixation onsets differs significantly from a uniform distribution. If musical beats entrained fixation onsets, bins that fall on or around the beat onset time should contain more fixations than bins farther from the beat onset time, therefore fixation onset distribution would be peaked around the beat onset time. Second, we created distributions for fixation onset times in the quiet condition by calculating difference scores between fixation onset times and the time where beat onsets would occur in the auditory conditions resulting in two distributions corresponding to each auditory condition. Averaged histograms were generated as previously, and the distributions of fixation onsets were analysed with a Kolmogorov-Smirnov onesample test. Our hypothesis was that, if the rhythm of the musical beats entrained fixation onset times in the auditory conditions but not in the quiet condition, contrary to the auditory conditions fixation onsets would be approximately uniformly distributed in the quiet condition, or shaped differently than in the corresponding auditory condition. Upon significant deviation from the uniform distribution, in order to examine whether the given auditory or quiet condition differs significantly from their tempo matched auditory or quiet condition, we compared the two distributions by running bin-by-bin paired t-tests. We performed the same series of analyses for the first harmonic and the first subharmonic of the beat frequency as well. Because funky genre typically accentuates weak beats, such as every second beat as well, the histograms and the analyses for the first subharmonic were done two ways: subharmonic counting from the first beat (downbeat) and subharmonic counting from the second beat (off-beat). Because the first subharmonic prevailed only in the funky genre we broke histograms down to genres and tempi, and for the sake of coherence, we did the same with the beat frequency and first harmonic histograms.
Results
Tempo discrimination and memory test results
A three-factor mixed ANOVA was conducted on the tempo discrimination scores, with genre and tempo entered as withinsubjects factors and group as between-subjects factor. The analysis revealed that 97.6% of all the responses were correct. We did not find significant effects of genre (F(1,21) = 0.288, P = 0.597, Fig. 3 . For the memory test, the two-factor mixed ANOVA with condition (two levels: memory task with music, and memory task without music) as withinsubjects factor, and group as between-subjects factor revealed that 83.3% of the responses for both with music, and without music were correct, the difference not being significant (F(1,21) = 0.022, P = 0.884, g 2 = 0.001). However, there was a main effect of group (F(1,21) = 6.4, P = 0.019, g 2 = 0.234). Non-musicians' memory performance was significantly better than musicians' performance (Median non-musicians = 89.6%, Median musicians = 83.3%). There was no significant interaction (F memory*group (1,21) = 0.376, P = 0.546, g 2 = 0.018). Memory test scores per group per condition are shown in Fig. 3. 
Synchronization test result
A three-factor mixed ANOVA (with genre and tempo as withinsubjects factors and group as between-subjects factor) was run on the perceived ease of tapping scores to examine how easy subjects felt to synchronize with the beat. The analysis revealed a significant interaction between genre and tempo (F genre*tempo (1,21) = 4.41, P = 0.048, g 2 = 0.174). Simple effects testing revealed that participants judged synchronizing easier with the slower tempo (Median SlowTempo = 4.24) than with the faster tempo (Median FastTempo = 4.05) in funky (P = 0.033), whereas tempo did not have any effect in techno (P = 0.883). Additionally, techno was judged easier to tap along than funky in both the slower (P = 0.013) and in the faster tempo (P = 0.001). No other interactions were significant (F genre*group (1,21) = 1.34, P = 0.26, with musicians having felt tapping easier (Median musicians = 4.87) than non-musicians (Median non-musicians = 3.76). Ease of tapping scores per group for each genre and tempo are displayed in Fig. 3 .
Tapping results
A three-factor mixed ANOVA run on tapping variability scores (with genre and tempo as within-subjects factors and group as between-subjects factor) revealed a significant effect of group (F(1,21) = 13.6, P = 0.001, g 2 = 0.393), with musicians tapping more accurately (Median musicians = 0.06) than non-musicians (Median non-musicians = 0.13). There was no significant effect of genre Tapping variability scores per group for each genre and tempo are shown in Fig. 3 .
Self-rated learning performance with music in the background
A Mann-Whitney U test revealed no significant difference in subjective rating of learning performance with music in the background between musicians (Median musicians = 2) and nonmusicians (Median non-musicians = 3), U = 65 P = 0.95. Results are displayed in Fig. 3. 
Eye-tracking results
There was no significant effect of genre and group on any eye movement parameters for the two auditory conditions, and there Fig. 3 . Behavioral task results (medians with 95% confidence intervals). There were significant differences between musicians and non-musicians in the memory task, ease of tapping and tapping variability scores. Furthermore for the ease of tapping, there was a significant interaction between tempo and genre: participants judged tapping easier for the slower drum grooves in funky than for the faster drum grooves, whereas techno was judged similarly difficult for both tempi. ⁄ Significant at p < 0.05.
were no significant interactions with all P values greater than 0.05, therefore we excluded genre as a factor from further analyses and in the following we analysed musicians and non-musicians together. There was a significant effect of tempo in fixation dura- Fig. S1 . In order to investigate the effect of different tempi on eye movements compared to silence, we ran a series of repeated measures ANOVAs on fixation duration, saccade duration, saccade amplitude and saccade number with tempo (levels: SlowTempo, FastTempo, Quiet) as a within-subject factor. The analyses revealed a significant main effect of tempo for fixation durations (F(2,44) = 5.39, P = 0.008, g 2 = 0.197). Post-hoc testing revealed significantly longer fixations for SlowTempo (1.7 Hz) compared to the FastTempo (2.4 Hz) condition (P Bonferroni = 0.044), and for the SlowTempo compared to the Quiet condition (P Bonferroni = 0.034). The difference between the FastTempo and the Quiet conditions was not significant (P Bonferroni = 0.721). Average fixation durations for the three conditions are shown in Fig. 4 . We did not find any significant main effects for the saccade duration (F(2,44) = 2.68, In order to test whether eye-movement frequencies could potentially change between the auditory and quiet conditions, we estimated the dominant eye-movement frequency (i.e. visual sampling frequency) by taking the average of the individual median inter-saccade-intervals for each condition. The obtained median inter-saccade-intervals for the conditions are: SlowTempo = 314 ms, FastTempo = 308 ms, and Quiet = 303 ms, as shown in Fig. 4 , which correspond to 3.18 Hz, 3.24 Hz and 3.3 Hz visual sampling frequencies, respectively. Median intersaccade-intervals for each condition were entered into a repeated measures ANOVA with tempo with three levels: SlowTempo, FastTempo and Quiet, which revealed a significant effect of tempo (F (2,44) = 6.13, P = 0.004, g 2 = 0.218). Post-hoc tests showed that sampling frequency was significantly slower in the SlowTempo than in the Quiet (P Bonferroni = 0.021) condition, but no significant difference was found between the SlowTempo and FastTempo conditions (P Bonferroni = 0.094) and the FastTempo and the Quiet conditions (P Bonferroni = 0.362).
To determine whether the degree and difficulty of synchronization in tapping could be predictive to the strength of eye movement modulation, we calculated the difference in fixation durations between the SlowTempo condition and the Quiet condition, where we found significant differences in both fixation duration and ISI, and plotted the difference scores against tapping variability and ease of tapping scores in the SlowTempo condition. Spearman correlations did not reveal any systematic relationships for tapping variability (R(21) = 0.197, P = 0.367) and difficulty (R (21) = À0.216, P = 0.323). Therefore, we concluded that in present conditions, the relationship between tapping variability and difficulty and the strength of eye movement modulation can not be determined. Scatterplots are presented in the Supplementary Material, Fig. S2 .
Kolmogorov-Smirnov one-sample tests of fixation onset distributions plotted over the entire viewing scene revealed that all auditory conditions deviated significantly from the uniform distribution (all P values <0.001). One-sample t-tests run on the bins of each condition showed that the first two bins of each condition (the third bin as well for the Funky FastTempo condition) were significantly different from the mean value of the presumed uniform distribution (P FunkySlowTempo_bin1 < 0.001, P FunkySlowTempo_bin2 = 0.003, P FunkyFastTempo_bin1 < 0.001, P FunkyFastTempo_bin2 = 0.0171, P FunkyFastTempo_bin3 = 0.0373, P TechnoSlowTempo_bin1 < 0.001, P TechnoSlowTempo_bin2 = 0.0018, P TechnoFastTempo_bin1 < 0.001, P TechnoFastTempo_bin2 = 0.0012). No other significant differences were found. Histograms can be seen in the Supplementary Material, Fig. S3 . Kolmogorov-Smirnov one-sample tests for the beatlocked histograms (see Supplementary Material, Figs. S4-S7) revealed that for the beat frequency, only the Techno SlowTempo condition deviated significantly from a uniform distribution (P FunkySlowTempo = 0.227, P FunkyFastTempo = 0.9, P TechnoSlowTempo = 0.008, P TechnoFastTempo = 0.782, P QuietSlowTempo = 0.914, P QuietFastTempo = 0.484). However, when comparing the Techno Fig. 4 . Left: Average fixation durations with standard errors across the three conditions (SlowTempo, FastTempo, Quiet). The difference is significant between SlowTempo and both FastTempo and the Quiet conditions. Right: Average inter-saccade-intervals (ISI) with standard errors across the three conditions (SlowTempo, FastTempo, Quiet). ISIs were significantly longer in the SlowTempo condition compared to the Quiet condition.
⁄ Significant at p < 0.05.
SlowTempo distributions and its tempo-matched quiet condition with a bin-by-bin paired t-test, after correcting for multiple comparisons, there was no significant difference between the distributions. We additionally found that for the first harmonic of the beat, both the Techno SlowTempo condition and the Quiet FastTempo condition deviated significantly from the uniform distribution (P FunkySlowTempo = 0.927, P FunkyFastTempo = 0.895, P TechnoSlowTempo = 0.025, P TechnoFastTempo = 0.425, P QuietSlowTempo = 0.615, P QuietFastTempo = 0.029). When comparing these distributions with their tempo-matched quiet or auditory condition with a paired t-test, after correcting for multiple comparisons, the differences between the distributions were not significant. For the first subharmonic of the beat, none of the distributions deviated significantly from the uniform distribution (downbeat: P FunkySlowTempo = 0.262, P FunkyFastTempo = 0.164, P TechnoSlowTempo = 0.539, P TechnoFastTempo = 0.685, P QuietSlowTempo = 0.770, P QuietFastTempo = 0.944, off-beat: P FunkySlowTempo = 0.913, P FunkyFastTempo = 0.72, P TechnoSlowTempo = 0.218, P TechnoFastTempo = 0.256, P QuietSlowTempo = 0.284, P QuietFastTempo = 0.465).
Discussion
Previous studies found that musical beats can modulate oculomotor behavior in reading (Dan, Xue, & Xiaodong, 2008) , and free-view tasks (Coutrot et al., 2012; Lense & Jones, 2016; Schäfer & Fachner, 2015) , and entrain higher-level visual processing in visual discrimination (Escoffier et al., 2010) and target detection (Trost et al., 2014) . In order to understand the relationship between music and eye movement behavior better, we examined how musical beats in different tempi (drum grooves with 1.7 Hz and 2.4 Hz beat frequencies) affect eye movements during natural viewing, and whether this effect could be mediated by musical skills.
The two attention control tasks (picture memory, tempo discrimination) were completed with very high accuracy, which indicated that participants paid attention to both the pictures and the music. Musicians performed better in tempo discrimination than non-musicians, however, this difference was not significant. Musicians spend many hours of their life practicing music, therefore their music-related skills, such as tempo perception are higher compared to non-musicians. The lack of significant difference could be because the 10 percent tempo difference between the drum grooves participants had to make judgments about was large enough to be easily distinguishable, therefore non-musicians could perform the task with high accuracy as well. Considering the question of task demand, it can be conceived that the cognitive processing of the additional tempo discrimination task could have interfered with the effect of musical beats on eye movements. Since participants had to make their judgment during the presentation of the second drum groove in the pair, cognitive processing of the comparison of the two tempi could not affect eye movements during the first drum groove while eye movement data were collected. We did not find any significant difference in performance in the memory task between the two music and the quiet conditions. However, non-musicians had significantly better memory than musicians. Musicians' worse performance could be attributed to that they were distracted by the music more than nonmusicians in the music conditions. Patston and Tippett (2011) found that musicians' performance in the language comprehension task was impoverished with music in the background compared to silence, however, they did not find significant difference for the visuospatial search task. The lack of difference they reported may be due to that they used a visual search task, which requires different processing than a free-view memory task we used in our study (Mills, Hollingworth, Van der Stigchel, Hoffman, & Dodd, 2011) . In our questionnaire that participants filled out at the end of the experiment, we asked them to rate their general learning performance when there is music in the background. Musicians reported lower performance with music in the background than nonmusicians, although this difference was not significant.
In order to test participants' ability in following the musical beats, we included a tapping test, in which participants had to tap along with the beat of the drum grooves they previously heard in the free-view part of the experiment, and rate the ease of tapping. Musicians rated tapping significantly easier and their tapping variability was significantly lower compared to non-musicians, which is consistent with that musicians have to achieve a high level of rhythmic skills during their musical training. Median tapping variability was 6% for musicians, and 13% for non-musicians, which is comparable to the findings of the sensorimotor synchronization literature (Repp, 2005) . Additionally, we found that participants felt easier to tap along with the techno drum grooves than with the funky drum grooves in both tempi. Techno genre typically accentuates metrical beats and groove patterns tend to be simple, which can be seen on the average frequency spectrum of the drum grooves (Fig. 2) . Techno drum grooves have large peaks at the beat frequency and its harmonics only, while funky drum grooves contain peaks at off-beat frequencies as well, which is a consequence of syncopation, namely the accentuation of weak beats. We also found that participants felt easier to synchronize with the slower tempo than with the faster tempo for the funky drum grooves. It is possible that the syncopation in the funky genre that made synchronization more difficult was less disturbing in the slower tempo than in the faster tempo due to the larger dispersion of the rhythmic events. Curiously, there was no difference with respect to genre for any of the groups for eye movements and tapping variability. Despite the fact that musicians were significantly better at keeping the beat, this advantage did not seem to reflect in the influence of musical beats on their eye movements compared to non-musicians.
In order to investigate any effect of different tempi on eye movements relative to silence, we compared fixation duration, saccade duration, saccade amplitude and saccade number across three conditions (SlowTempo, FastTempo, Quiet). We found a significant effect of beat frequency on the duration of eye fixations. Fixation durations were significantly longer for the slower tempo (1.7 Hz) than for the faster tempo (2.4 Hz) and for the quiet condition. Although the difference between the faster tempo and the quiet condition was not significant, there was an increasing trend of fixation durations from the quiet condition to the slower tempo: fixation durations were the shortest in the Quiet condition (234 ms), longer in the FastTempo condition (238 ms) and the longest in the SlowTempo condition (245 ms). The reason why the difference between the FastTempo and the Quiet conditions was not significant could be that the beat frequency of the FastTempo condition (2.4 Hz) fell close to the dominant visual sampling frequency estimated from the inter-saccade-intervals (3.3 Hz in our study), which prevailed the Quiet condition. Future studies should include more distant frequency conditions in order to examine possible trends in the influence of beat frequency on eye movements more precisely. Correspondingly to the increasing trend in fixation duration, we additionally found a decreasing trend in saccade number between the conditions. The Quiet condition contained the most saccades per trial (16.1), followed by the FastTempo (15.9) and the SlowTempo (15.3) conditions. When comparing the SlowTempo and the FastTempo conditions with a three-factor ANOVA design, we found a significant difference between the two tempi. However, when we ran a repeated-measures ANOVA only on tempo including the Quiet condition, the differences were no longer significant. Schäfer and Fachner (2015) found that participants had fewer saccades when watching a film clip or a picture with background music compared to silence. The trend we found is consistent with this finding. However, Schäfer and Fachner used longer viewing times (45 s for picture and 70 s for the film clip), therefore it is possible that we could obtain significant differences if we increased the length of the viewing time, which was 6 s in our study. There was no significant effect of musical beats on saccade duration and amplitude, and we did not find any significant differences between musicians and non-musicians on any eye movement parameters, therefore we concluded that rhythmic skills do not mediate the effect of beat frequency on eye movements with present task set and conditions.
Next, we analysed the dominant visual sampling frequency (calculated from median inter-saccade-intervals) in each condition, and found an increasing trend: the Quiet condition contained the shortest intervals followed by the FastTempo and the SlowTempo conditions. The difference was only significant between the Quiet and the SlowTempo conditions. This trend is in line with the trend in fixation duration and saccade number, which suggests that in the auditory conditions, the dominant visual sampling frequency changed due to the influence of the musical beats. Whether this change could be considered as a form of entrainment and the exact mechanism by which beat frequency affects visual sampling remains to be studied.
In the following, we compared the strength of eye movement modulation with tapping variability and difficulty, but at this point, no systematic relationship could be determined. These results suggest that individual synchronization abilities do not predict eye movement modulation.
Finally, we examined whether eye movements entrained to the rhythm of the musical beats. According to the Dynamic Attending Theory of Large and Jones (1999) , attention tunes to rhythmically expected events as a result of neural entrainment, therefore we expected that fixations, through which most of the visual information is acquired, would align to or around the onset of the musical beats resulting in a non-uniform distribution in the two auditory conditions, but not in the quiet condition due to the absence of the musical beat. To this end, first we examined fixation onset times during the entire 6-s viewing time to explore any peaks at any specific time points. The analysis revealed a significant dip at the start of the trials and significant peaks in the initial 150-450 ms, which could be attributed to the attention shift corresponding to the appearance of the picture. No other significant peaks were found. Next, we examined fixation onset times relative to real or simulated beat onsets in both the auditory and quiet conditions for the beat, first harmonic and first subharmonic frequencies. We found that the slow techno beat and the slow techno and fast quiet first harmonic distributions deviated significantly from the uniform distribution, but when comparing these distributions to their tempo-matched auditory and quiet distributions, we did not find significant differences between them. It is possible that the deviation in the techno genre could reflect some form of entrainment, which would be supported by that participants felt synchronization easier to techno compared to funky. However, in present conditions entrainment cannot be determined. In the future, more research is necessary.
In present study we found that beat frequency affects the rate of eye movements relative to tempo. Further exploration of different tempi could shed light on the exact relationship between beat frequency and oculomotor behavior, which will be the goal of future research.
Conclusions
We are the first, to our knowledge, who investigated the effect of musical beats on eye movements during free viewing in different tempi. We found that the tempo of the music affected the length of eye fixations. Longer fixations occurred with slower beat frequency, and shorter fixations occurred with faster beat frequency, the shortest fixations occurring without music. Increasing fixation duration seemed to decrease underlying visual sampling frequency in the auditory conditions compared to the quiet condition, which could be the result of the interaction of the auditory beat and the visual sampling frequency in the auditory conditions. Previous studies found that strong musical beats facilitated target detection and visual discrimination (Escoffier et al., 2010; Trost et al., 2014) . We found that musical beats can retard visual information sampling by increasing fixation durations at the level of eye movements when stimuli are not presented in a rhythmic fashion, such as in natural viewing. Our finding can be the first step towards understanding the underlying mechanism of how oculomotor behavior might reflect the influence of musical beats on task performance and underlying perceptual and cognitive processes.
